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ABSTRACT

    A calculation method for incident angle dependence of solar absorptance αS  and

temperature dependence of total hemispherical emittance εH  of multi-layer films is

proposed.   The method is based on calculation of αS  and εH  from optical constants in

the wavelength region from 0.26 µm to 100 µm for thin polymer film and deposited

metal.   This paper is described values of αS  in the incident angle region from 0 degree

to 90 degree and εH  in the temperature range from 173.15 K to 373.15 K for two-layer

sample, aluminum deposited polyimide film.   The results obtained αS  and εH  by the

present method are compared with the experimental results measured by both

spectroscopic and calorimetric methods.   The calculated results of αS  and εH  agree

well with the experimental results.
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absorptance



1. INTRODUCTION

 Thermal radiation properties (solar absorptance αS  and total hemispherical

emittance εH ) of thermal control multi-layer films used to thermal control of spacecrafts

have been obtained by experimental measurements in our laboratory development.   Solar

absorptance was measured spectroscopically and total hemispherical emittance was

measured calorimetrically [1].   It is possible to produce demanded αS  and εH  of multi-

layer films by selecting appropriate thickness of base films and deposited materials

 This paper describes the calculation method for thermal radiation properties by

optical constants of component films, especially thermal control malti-layer film

deposited aluminum on one side of polyimide film which is UPILEX-R as shown in Fig.

1, concerning incident angle dependence of αS  and a sample temperature dependence of

εH .   By using this calculation method, it is possible to suitably design thermal control

multi-layer films which have demanded αS  and εH , and to calculate values of αS  and

εH  in the region where it is difficult to measure experimentally.

2. CALCULATION METHOD [2, 3]

 The calculation of thermal radiation properties are performed according to the

following procedures, using data of optical constants of polyimide film and aluminum [4]

and values of solar radiation intensity [5].   When a single phase film is in vacuum and

incident angle of electromagnetic waves is 0 degree, spectral reflectance R(λ,θ) and

transmittance T(λ,θ) of this film is expressed by
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where, ρ = {(n-1)2+k2}/{(n+1)2+k2}, β = 4πnk/λ, δ = 2πnd/λ, tanφ = 2k/(n2+k2-1), n is

the reflactive index, k is the extinction coefficient, λ is the wavelength, θ is the incident

angle of electromagnetic waves, and d is the thickness.   The optical constants of

UPILEX-R film used for the calculation are obtained from a measurement of its normal

spectral reflectance and transmittance from the following Eqs. (1) and (2) as shown in

Fig. 2.

Amplitude reflectances are calculated from optical constants of component

films, and then spectral reflectance is calculated with amplitude reflectances.   The

calculation is made in two cases : with and without considering an interference

phenomenon.   When an interference phenomenon is not considered, amplitude

reflectances accounted for multiplex reflectance at the boundary surface between m-th

and (m+1)-th layer from the bottom is expressed by
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where, γm = 4πkm/λcosθm, rm = (|rSm|2+|rPm|2)/2, rSm and rPm is the Fresnel coefficients, km

is the extinction coefficient of m-th layer, θm is the incident angle of electromagnetic

waves of m-th layer, and dm is the thickness of m-th layer.   Thus, spectral reflectance of

the surface of multi-layer film as a function of the incident angle and the wavelength is

expressed by
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where, ma is the layer number.

On the other hand, when an interference phenomenon is considered, amplitude

reflectances which takes into account multiplex reflectance at the boundary surface

between m-th and (m+1)-th layer from the bottom is expressed by
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where, ηm = 4π )nm dmcosθm/λ, and 
)nm  is the complex reflactive index of m-th layer.

Thus, spectral reflectance of the surface of multi-layer film as a function of the incident

angle and the wavelength is expressed by
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where, ( )′RSma λ θ,  and ( )′RPma λ θ,  are the spectral reflectance of S-polarization and P-

polarization of the surface of multi-layer film given by Eq. (5).   Thermal radiation

properties are calculated from R(λ,θ) given by Eqs. (4) and (6).

A sample temperature dependence of εH  is calculated by integration of the

spectral reflectance in the wavelength region from 0.26 µm to 100 µm, expressed by
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where, T is the sample temperature, and ib(λ,T) is the Planck′s spectral distribution of

emissive power.   It is possible to ignore the difference between the calculated result and



power of blackbody is contained at 173.15 K and 99.8 % at 373.15 K in this wavelength

region.

Incident angle dependence of αS  is obtained similarly for the visual and near IR

region with an assumption of vertical incidence of electromagnetic waves expressed by
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where, IS is the solar radiation intensity.   It is possible to ignore the difference between

the calculated result and the theoretical value in a restriction of wavelength region, as

about 96 % of solar radiation intensity is contained in the wavelength region from 0.26

µm to 2.5 µm.

3. ACCURACY OF THE CALCULATION METHOD

The accuracy of the calculated results is believed mainly due to the uncertainty

of optical constants, and thickness of UPILEX-R.   The uncertainty contributed to the

accuracy of the calculated results are shown in Table I.   The uncertainty of optical

constants is estimated to be less than ± 2 % which corresponds to the experimental

results, which are spectral reflectance and transmittance of UPILEX-R, of uncertainty of

± 2 %.   The uncertainty of the thickness of UPILEX-R is estimated to be ± 5 %.

Consequently, overall accuracy of the calculated results of εH  is ± 4 % and that of αS  is

± 3 %.

4. RESULTS AND DISCUSSIONS



experimental results.   Solar absorptance was measured spectroscopically with an

integrating sphere in the wavelength region from 0.26 µm to 2.5 µm and in the incident

angle range from 5 degree to 60 degree, and total hemispherical emittatnce was

measured calorimetrically in the sample temperature range from 173.15 K to 373.15 K

for aluminum deposited UPILEX-R film.   UPILEX-R of these films were assumed to be

12, 25, 50, and 75 µm in thickness.   Aluminum was deposited in vacuum with the

thickness of 1500 A
o

 on one side of each film.

4.1. Calculated results for εH

 Figure 3 shows comparison of the calculated and the experimental results for

temperature dependence of εH  for the sample (25 µm).   The maximum deviation of the

calculated results from the experimental results is ± 4 %.   Figure 4 shows comparison of

the calculated and the experimental results for thickness dependence of εH  at 293.15 K.

The maximum deviation of the calculated results from the experimental results is ± 7 %.

But the accuracy of the calculated results of εH  is ± 4 % as mentioned above.   On the

other hand, the accuracy of the experimental results measured by calorimetric method is

± 2 %.   Therefore, the calculated results agree very well with the experimental results.

4.2. Calculated results for αS

Figure 5 shows comparison of the calculated and the experimental results for

incident angle dependence of αS  for the sample (25 µm).   The maximum deviation of

the calculated results from the experimental results is ± 5 %.   Figure 6 shows



dependence of αS .   The maximum deviation of the calculated results from the

experimental results is ± 10 %.   However, the accuracy of the calculated results of αS  is

± 3 % and the accuracy of the experimental results measured by spectroscopic method is

± 2 %.   Therefore, the calculated results agree well with the experimental results.

The efficiency of the present method is confirmed by the discussions above.   Besides, Fig. 7

shows the calculated results in the angle region which is larger than 60 degree.   It indicates that the

calculated results suddenly decrease in the region which is difficult to measure experimentally.   This is

due to incident angle dependence of the spectral reflectance calculated by using this calculation method

shown in Fig. 7.   Therefore, by using this calculation method, it is possible to estimate the thermal

radiation properties in the region where it is difficult to measure experimentally.
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Table I. The uncertainty contributed to the accuracy of the calculated results.

Thermal radiation
property

The uncertainty of
optical constants

(%)

The uncertainty of
thickness of
UPILEX-R

(%)

Overall accuracy of
the calculated results

(%)

αS ± 2 ± 5 ± 3

εH ± 2 ± 5 ± 4
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Fig. 1. Thermal control malti-layer film.

Fig. 2. Optical constants of UPILEX-R.

Fig. 3. Comparison of the calculated and the experimental results for a sample 

temperature dependence of total hemispherical emittance of

UPILEX-R(25 µm)/Al.

Fig. 4. Comparison of the calculated and the experimental results for thickness 

dependence of total hemispherical emittance at 293.15 K.

Fig. 5. Comparison of the calculated and the experimental results for incident angle 

dependence of solar absorptance of UPILEX-R(25µm)/Al.
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Fig. 7. Calculation results of incident angle dependence of spectral reflectance.
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